XMASS-I is a single-phase liquid xenon detector whose purpose is direct detection of dark matter. To achieve the low background requirements necessary in the detector, a new model of photomultiplier tubes (PMTs), R10789, with a hexagonal window was developed based on the R8778 PMT used in the XMASS prototype detector. We screened the numerous component materials for their radioactivity. During development, the largest contributions to the reduction of radioactivity came from the stem and the dynode support. The glass stem was exchanged to the Kovar alloy one and the ceramic support were changed to the quartz one. R10789 is the first model of Hamamatsu Photonics K. K. that adopted these materials for low background purposes and provided a groundbreaking step for further reductions of radioactivity in PMTs. Measurements with germanium detectors showed 1.2±0.3 mBq/PMT of 226 Ra, less than 0.78 mBq/PMT of 228 Ra, 9.1±2.2 mBq/PMT of 40 K, and 2.8±0.2 mBq/PMT of 60 Co. In this paper, the radioactive details of the developed R10789 are described together with our screening methods and the components of the PMT.
Introduction
Direct detection of dark matter is one of the major scientific challenges in modern astroparticle physics. Based on the proposal [1] , a single-phase liquid xenon (LXe) detector, XMASS-I was constructed [2] . Since the dark matter signal is expected to be rare, dark matter searches require low background detectors. XMASS-I is designed for dark matter and for other many rare event searches. For a spin-independent WIMP-nucleon cross section, it is designed to search as low as 10 −45 cm 2 for a WIMP mass of 100 GeV/c 2 . To realize this sensitivity, the background level in the fiducial volume is required to be 10 −4 /day/kg/keV for deposited energies below 100 keV. Background originating from radioactive impurities in detector materials is one of the most serious problems in a low background experiment. It is crucial to prepare materials of sufficiently low radioactivity before detector construction.
The dominant source of radioactivity in the XMASS prototype detector [3] was the Hamamatsu R8778 photomultiplier tubes (PMTs). Though R8778 was a model developed for the XMASS prototype detector and its radioactivity was much lower than that of standard PMTs, an order of magnitude reduction of radioactivity was necessary to meet the background required for the XMASS-I detector. Therefore we developed a new model of low radioactivity PMT, R10789, based on R8778. In order to lower the background, we screened numerous candidate materials for their radioactivity.
In this paper we describe the development target in Section 2, the screening methods in Section 3 and the components of the PMT in Section 4. The radioactivity in the final product of R10789 is presented in Section 5. The development summary is described in Section 6, along with a discussion outlining the largest component contributions to the radioactivity, this is necessary to attain further reductions in future developments. The conclusion is written in Section 7.
Target of the development
Firstly, we need to define the activity level required for XMASS-I. By using Monte Carlo simulations [4] with the detector geometry at the design stage, it is estimated that radioactivity one order of magnitude lower than the R8778 PMT is required to reduce the PMT contributions to the background less than 2×10
−5 /day/kg/keV for deposited energies below 100 keV [5] . Since the target of the XMASS-I detector's background is 1 × 10 −4 /day/kg/keV, this 20% budget for the PMTs is a reasonable requirement considering contributions from other sources of background. Following this consideration, we set this as our target for the PMT development, outlined in Table 1 . The Kovar alloy used in both R8778 and R10789 contains cobalt therefore the target value of 60 Co is the same with that of the R8778 PMT. 60 Co is generated by ambient thermal neutrons inside the cobalt metal. When R10789 was developed no other candidate material except for Kovar was known to match the small thermal contraction coefficient of the quartz window. We note that although the R8778 values listed in Table 1 only refer to the PMT, the target values include both the PMT and a voltage divider circuit in this development as it is assumed negligible in comparison.
Material screening methods for radioactivity in the PMT

High-purity germanium (HPGe) detector measurement
To measure the radioactivity of materials with sufficient sensitivity, we mainly used three low background HPGe detectors manufactured by CANBERRA. The detectors are installed at the Kamioka observatory in the Kamioka Mine under Mt. Ikenoyama, which provides 2700 m water equivalent shielding from cosmic rays. Two of them are co-axial p-type HPGe detectors with 100% and 120% relative detection efficiency 5 respectively, and the other is a co-axial n-type detector with 110% relative efficiency. The sample chambers are cylindrical with a diameter of roughly 15 cm and a height of 17 cm. To suppress background caused by Rn gas, these sample chambers are continuously flushed with Rn-free air in which the 222 Rn concentration is less than a few tens of mBq/m 3 . Lead (175 mm) and copper (50 mm) shields cover the whole sample regions to reduce background from the outside.
An example of measured gamma-ray spectrum from one of our HPGe detectors is shown in Figure 1 Since the branching ratios to high energy gamma-rays, which are suitable for HPGe measurements, are small, the HPGe's sensitivities to the nuclear species before 226 Ra for U chain and to 232 Th are very low. From these nuclear species, only low energy gamma-rays, beta-rays, and alpha rays are emitted, and due to their short interaction length, the contribution to the detector background is limited to radioisotopes that are very close to the LXe inside XMASS-I 6 . For this reason, 238 U and 232 Th measurements by mass spectrometry were conducted only for the PMT components at the inner side of the detector, not for the voltage divider circuit.
Components of the PMT, R10789, and the voltage divider circuit
In this section, we discuss the various component materials used in the newly developed R10789 PMT and its voltage divider circuit.
The PMT(R10789)
The PMTs are divided into ten components: dynodes, electrode, two different body cylinders, stem, glass beads, lead wires, quartz, sealing, and getter. Measurements were conducted on the sample for each component. [3] and the target values for the development of the new PMT (1/10 of R8778, except for 60 Co) in mBq/PMT. While the numbers for R8778 only reflect the PMT itself, these target numbers in this paper will be applied to the sum of the PMT and its voltage divider circuit. During the target estimation, we assumed the decay equilibrium is kept for the 238 U chain and the 232 Th chain. Figure 1: Typical gamma-ray spectra of a glass beads sample (red) and a background(black) using one of our HPGe detectors is shown. The glass beads are largely radioactive as presented in These components are listed in Table 2 , together with the weights of the measurement samples and the respective amount used to produce one PMT. The weights for the HPGe measurements were a factor 4-100 larger than what is used for one PMT. Figure 2 shows the R10789 PMT with the voltage divider circuit, and Figure 3 shows a schematic view of R10789. There are two body components used in one R10789 PMT, both of which are made from Kovar alloy. One is a hexagonalshape tube matching the shape of the quartz entrance window, while the rest of the body is cylindrical to which the stem is attached. The materials of the dynode support and the stem were exchanged from the ceramic and the glass in R8778 to the quartz and the Kovar alloy in R10789, respectively. The ceramic and the glass were the largest sources of radioactivity in the R8778 PMT, by reducing the amounts of the ceramic and glass in the new R10789 PMT as much as possible, a large reduction of radioactivity was achieved.
The voltage divider circuit
Items in the voltage divider circuit, which include circuit parts such as resistors, capacitors and a circuit board are also presented in Table 2 . Two cables, one for signal and the other for the high voltage (HV) supply, are also included in this table.
Since most of the parts are small, it was possible to measure large quantities of the parts used for a few tens to hundreds of the PMTs in one measurement. This led to high precision measurements.
The cables are polytetrafluoroethylene (PTFE) insulated. The signal coaxial cable is compatible with RG196, and both the inner dielectric insulator and the outer sheath are made from PTFE. The HV cable is an AWG 22 copper conducting wire covered with PTFE. The actual cable length in XMASS-I is about 10 m, but only the effects from 1 m near the detector surface contribute, we therefore listed the radioactivity for 1 m of the cable in Table 2 .
Radioactivity for the developed R10789 PMT
The total radioactivity of the developed R10789 is summarized in this section, the unit of activity is mBq/PMT. Tables 3 and 4 show the results of the R10789 PMT and the voltage divider circuit using the HPGe detectors. In case the center value does not exceed twice the statistical error, or is negative, we regarded the result as zero consistent and set an upper limit calculated as max{0, the central value} + 1.28 × statistical error. The total radioactivity for the PMT components and the voltage divider circuit components are shown in Table 5 along with their target values introduced above. In the calculation of the total radioactivity the central values of each component are summed up even if they are negative.
The results from measurement of each part
While the values for 40 K and 60 Co are significantly smaller than their targets, 226 Ra and 228 Ra are larger by a factor of 1.3 and 2, respectively. For 226 Ra, the largest contribution comes from the glass beads, which accounts for about 70% of the total radioactivity 2.3±0.3 mBq/PMT. Other large contributions come from the coupling capacitors and the signal cable, about 10% each. These three components dominate and account for about 90% of the total. As for the 228 Ra, the largest detected value is again from the glass beads, about 20% of the total radioactivity, 1.6±0.3 mBq/PMT. The getter, the coupling capacitors, the signal connectors and the signal cables also make non-negligible contribution of about 0.1 mBq/PMT 7 . The glass beads and the resistors are the only samples from which significant 40 K are detected. The total 60 Co activity is only 60% of the target. The main contribution comes from the Kovar alloy in the two PMT body parts and the stem. Another 60 Co contribution comes from the dynodes, however it is quite small compared to the body.
Results for the assembled PMT
We also carried out measurements of assembled PMTs from all of the parts to check against contamination during the assembly processes. Three assembled PMTs were measured by the HPGe, and the results are shown in Table 6 . A larger amount of 40 K was detected in the assembled PMTs. This is presumably because the chemicals used for manufacturing the photocathode contain potassium, these chemicals were not included in the components measurements. Except for 40 K, the summed component and assembled PMT measurements are consistent with each other, and thus we concluded that there was no significant contamination in the assembly processes. Ra to each target value, and will be discussed in the next session.
Results from mass spectrometry
Discussion
Comparison to the target numbers
As a result of the development, a significant reduction of radioactivity compared to R8778 was achieved. The activities achieved for 40 K and 60 Co are much smaller than their target Table 6 , is larger than the sum of all its parts, however, is still smaller than its target. As already mentioned, the larger amount of 40 K observed in the assembled PMT can be understood as a likely extra contribution coming from the photo-cathode material, which is introduced inside the PMT in the assembly process. Since it is very difficult to estimate the amount of potassium left inside of the PMT after the vapor deposition, a further investigation was not undertaken. The final activities for 226 Ra and 228 Ra in the newly developed PMT and its voltage divider circuit exceed the target values, especially 228 Ra which is a factor of two larger. Nevertheless, we should recall that the target numbers were set with a large tolerance of at least a factor of five, and therefore the activities are allowable for the background target in XMASS-I, 10 −4 /day/kg/keV. These newly developed PMTs are used in the XMASS-I detector, by which many dark matter and rare event searches have been carried out [6, 7, 8, 9, 10, 11, 12] . The observed amount of background caused by these PMTs in the XMASS-I detector is discussed in [13] .
Components which have largest contributions
It is valuable to summarize key improvements and significance of this development. The largest contributions to the reduction came from two items, the stem and the dynode support. In R8778, the stem was made of glass and the dynode support from ceramic. In the new PMT, R10789, Kovar alloy and quartz are used respectively. By exchanging the glass stem for one made from Kovar alloy, 226 Ra was reduced from 2.3±0.1 mBq/PMT to <0.14 mBq/PMT, and 228 Ra from 2.3±0.1 mBq/PMT to <0.24 mBq/PMT. By using quartz instead of ceramic for the dynode support, 226 Ra was reduced from 7.9±0.2 mBq/PMT to <6.6 · 10 −2 mBq/PMT and 228 Ra from 3.1±0.2 mBq/PMT to <7.0 · 10 −2 mBq/PMT. The R10789 is the first PMT of Hamamatsu Photonics K. K. adapting the Kovar alloy stem and the quartz dynode support for low background purposes. This knowledge and these materials were adopted in the development of R11410 [14, 15, 16, 17] and R13111 [18] with improved background. This clearly indicates the development of R10789 is a groundbreaking step for further improvement of radioactivity in PMTs.
For further reductions
To reduce the radioactivity even further in much lower background experiments, it is necessary to deal with the high radioactive components. The glass beads include large amounts of 226 Ra, 228 Ra and 40 K, 226 Ra accounts for 70% of the total. Some parts of the voltage divider circuit, such as the coupling capacitors, and the signal cable also have a large amount of 226 Ra and 228 Ra. In the capacitors and the signal cables, ce- Signal connectors MCX <2.8 · 10 ramic and PTFE are used respectively as raw materials. These two materials and glass mentioned above generally contain nonnegligible amounts of radioactive impurities. Therefore, to use these materials, it is quite essential to find materials with lesser radio impurities and to reduce their usage as much as possible. As for 40 K, a larger amount was found in the assembled PMTs than was expected from the sum of its parts, this is speculated to come from the photocathode. Chemicals used while treating the photocathode contain potassium, and therefore it is not easy to suppress this 40 K contamination but to control it would be essential for next generation ultra-low-background PMTs. To reduce 60 Co, Kovar alloy parts (body cylinders and stem) must be replaced with a new material whose thermal contraction coefficient matches that of quartz and does not contain cobalt. The Co-free alloy which is used for example by the R11410 PMT [17] could be used. In our screening, there were many items where only upper limits were set. These could contribute significantly in future PMT developments, especially 228 Ra and 40 K. Higher sensitivity measurements are strongly demanded for further reductions.
Conclusion
We succeeded in developing the new low background PMT, R10789, which satisfies the requirements of the XMASS-I detector. It achieved large reduction factor of 8, 4, 1.7 and more than 10 from PMT R8778 for 226 Ra, 228 Ra, 60 Co, and 40 K, respectively. These facts prove that it can be utilized in various low background experiments. The largest contributions to the reduction were by exchanging of two items, the stem glass with Kovar alloy and the ceramic dynode support with quartz. This is the first model of Hamamatsu Photonics K. K. PMTs that adopted these materials for low background purposes and provided a groundbreaking step for further improvements of radioactivity in PMTs. Table 6 : Results of the three assembled R10789 PMTs with the HPGe detector. The sum of the radioactivity in the PMT components in Table 2 
